Abstract The new properties of engineered nanoparticles drive the need for new knowledge on the safety, fate, behavior and biologic effects of these particles on organisms and ecosystems. Titanium dioxide nanoparticles have been used extensively for a wide range of applications, e.g, self-cleaning surface coatings, solar cells, water treatment agents, topical sunscreens. Within this scenario increased environmental exposure can be expected but data on the ecotoxicological evaluation of nanoparticles are still scarce. The main purpose of this work was the evaluation of effects of TiO 2 nanoparticles in several organisms, covering different trophic levels, using a battery of aquatic assays. Using fish as a vertebrate model organism tissue histological and ultrastructural observations and the stress enzyme activity were also studied. TiO 2 nanoparticles (Aeroxide® P25), two phase composition of anatase (65%) and rutile (35%) with an average particle size value of 27.6AE11 nm were used. Results on the EC 50 for the tested aquatic organisms showed toxicity for the bacteria, the algae and the crustacean, being the algae the most sensitive tested organism. The aquatic plant Lemna minor showed no effect on growth. The fish Carassius auratus showed no effect on a 21 day survival test, though at a biochemical level the cytosolic Glutathione-S-Transferase total activity, in intestines, showed a general significant decrease (p < 0.05) after 14 days of exposure for all tested concentrations. The presence of TiO 2 nanoparticles aggregates were observed in the intestine lumen but their internalization by intestine cells could not be confirmed.
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Introduction
Information on the properties and on potential benefits of engineered nanoparticles (ENP) and nanomaterials have been spread due to the panoply of applications from e.g. health care, to energy or environmental management, being said that nanotechnology industry is still in an exponential growth phase. The enhanced performance of the nanotech materials is the result of the unique properties of their building blocks, namely the ENP. These are manmade nanoparticles (i.e. particles with at least one of their dimensions smaller than 100 nm) having properties that can differ markedly from those of their large-particle counterparts and of bulk materials [1] . The increasing penetration of materials containing ENP to the market is posing many concerns regarding their environmental impacts and health risks. In fact, predicting the risks of nanotechnology is difficult as ENP can undergo diverse physicochemical transformations that change their properties, their fate, and their impacts once released into the environment [2] , but there is no doubt about the need for new knowledge on the safety, fate, behavior and biologic effects of the ENPs on organisms and ecosystems.
Titanium dioxide nanoparticles (TiO 2 -NP) have been extensively used for a wide range of applications [3] namely in self-cleaning surface coatings, light emitting diodes, solar cells, disinfectant sprays, sporting goods, water/soil treatment agents, cosmetics and sunscreen lotions. The estimated worldwide production of TiO 2 -NP is 10000 tons/year for 2011-2014, and 2.5 million metric tons/year by 2025 [4] . The stability of TiO 2 -NP aqueous suspensions, through sedimentation and aggregation kinetics, have been investigated [5] . Results showed that crystallinity and morphology are not influential factors in determining the stability of TiO 2 -NP suspensions; however, the differences in their chemical compositions, notably, the varying concentrations of impurities (i.e. silicon and phosphorus) in the pristine materials, determined the surface charge and therefore the sedimentation and aggregation of TiO 2 -NP in the aqueous media. This is a critical step in predicting nanoparticles transport and mobility in the aqueous compartment. Related to these issues pertinent questions can be raised on the effects of nanoparticles to aquatic organisms and the ecosystem integrity or the potentially enhanced toxicity when nanoparticles reach the environment associated with existing pollutants [6] .
Regarding hazard assessment quantitative ecotoxicity data of nanoparticles are required, but data on the ecotoxicological evaluation of NP are still scarce and inconclusive. Ecotoxicological tests were mostly developed for aquatic test organisms and water-soluble chemical compounds. Thus, aquatic toxicity testing of NP is definitely a challenge. But, whatever the apparent route of exposure and the mechanisms of toxicity, bioavailability remains a key factor for the hazard evaluation of synthetic NP [7] . Most of the previous studies on risk assessment and environmental impacts of TiO 2 -NP have focused on their biologic impacts and cytotoxicity. The effects of TiO 2 -NP to freshwater aquatic organisms have been reported mostly on water fleas (Daphnia magna, Ceriodaphnia dubia, etc.) [8] [9] [10] [11] , but also on other invertebrates, bacteria [12, 13] , algae [14, 15] , and fish [16] .
Some authors associated the TiO 2 -NP toxicity to production of reactive oxygen species (ROS) such as hydroxyl radicals (﹒OH), superoxide radical anions (O -2 ) or carboxyl radical anions (CO -2 ) confirmed by electron spin resonance (ESR) analysis [17, 18] . However, there is still disagreement on the nature of species produced and their role in cell toxicity, which remains to clarify.
Size is also an important factor determining TiO 2 -NP toxicity as smaller particles may ease up the penetration and thus accumulation process in tissues. A few studies investigated the particle size effect on TiO 2 -NP ecotoxicity [15, 19] . The stability of NPs in the experimental matrix also determines its behavior and reactivity toward the aquatic organisms. The aggregation potential of NP may reduce its bioavailability and thus the ecotoxicity.
Thus, it should be noted that the properties of the diverse TiO 2 -NP must be considered in order to establish experimental models to study their toxicity to environmentally relevant species. Moreover, the lack of descriptions and characterization of nanoparticles, as well as differences in the experimental conditions employed, have been a compromising factor in the comparison of results obtained in various studies [20] . In this context, the aim of the present study is to present an embracing ecotoxicity evaluation of TiO 2 -NP by using a battery of assays covering different trophic levels. In fish, a vertebrate model, some insight on tissue histological and ultrastructural observations and on stress enzyme activity was also studied. With this approach we expect to provide a global view covering several target species and highlight the different biologic and cytological responses following exposure, in well standardized conditions, to these NP previously characterized.
Materials and methods

Preparation and characterization of TiO 2 nanoparticles and aqueous suspensions
The TiO 2 -NP used in the study was purchased from Evonik Degussa GmbH (Hanau, Germany). Aeroxide ® P25 TiO 2 -NP, a fluffy white powder, with a level of purity higher than 99.5%, a primary average particle size of 21 nm and a specific surface area of 50 m 2 $g , was used to prepare the stock aqueous suspensions.
To characterize the TiO 2 -NP powder different techniques were used: X-ray fluorescence (XRF) analysis was performed with Axios equipment, 4.0 kW, 20-60 kV, 10-125 mA (PANalytical, the Netherlands). X-ray diffraction (XRD) analysis used a PANalytical X'Pert Pro equipment with CuKα radiation at 45 kV and 40 mA, with a X'celerator detector (PANalytical, the Netherlands). The transmission electron microscopy (TEM) observations used a Hitachi H8100 (Hitachi, Japan) microscope equipped with energy dispersive X-ray spectroscopy (EDS) and a JEOL 100SX (JEOL, Japan).
X-ray fluorescence spectrometer with wavelength dispersive system (WD-XRF) Axios 4.0 kW, 20-60 kV, 10-125 mA, equipped with five crystals (LIF200, LIF220, PE002, Ge and PX1), SuperQ (qualitative and quantitative analysis) and IQ + (standardless analysis) software. X-ray diffraction (XRD) using a PANalyticalX'Pert PRO with CuKα radiation at 45 kV and 40 mA, equipped with a X'Celerator detector. XRD patterns were collected with a scanning step of 0.02°over the angular 2θ range 10°-90°. A stock aqueous suspension of 100 mg$L -1 TiO 2 -NP was prepared in distilled water and sonicated for three minutes in a Vibra-CellTM ultrasonic processor (Sonics, USA) at 20 KHz, 100% amplitude. The suspension pH and the Zeta potential were measured by potentiometry and by a ZetaMeter (System 3.0, Zeta-Meter Inc., USA), respectively. Nanoparticle tracking analysis (NTA), LM10HSBF equipment (Nanosight, UK), was performed for the determination of mean particle size and concentration in stock and test media in Daphnia and goldfish tests. The TiO 2 -NP work suspensions were prepared prior to use.
For transmission electron microscopy, a drop of the suspension was adsorbed for 2 min onto a formvar carbon membrane coated grid (once the additional drying that occurs in this pre-vacuum stage is enough to completely dry the sample.), and observed at 100000 Â in a Hitachi H-8100 or JEOL 100SX electron microscopes.
Ecotoxicity tests
To evaluate effects of the TiO 2 -NP aqueous suspension on organisms, the following battery of bioassays was used:
Bacterial miniaturized growth inhibition tests Two miniaturized growth inhibition tests using a ubiquitous bacterium -Pseudomonas putida (P. putida), and a marine bacterium -Vibrio fischeri (V. fischeri), were performed according to ISO 10712:1995 and DIN 38412-L37:1999, respectively, adapted to 96-well microplates (NUNC TM , Denmark). The bacterial inocula were grown according the respective standard and before test were adjusted to an OD 610 (optical density) of 0.1 for P. putida and OD 450 of 0.2 for V. fischeri. A gradient of concentrations and one control, in eight replicates, for the TiO 2 -NP were prepared containing 10% inoculum. The final test volume was 300 μL per well. The OD changes were measured at 450 nm using a microplate reader (MRX REVELATION , Dynex Technologies Inc., USA). A microplate shaker (Microtec Infors HT, Infors UK) was used for the plates incubation at 20°C or 23°CAE1°C, during 6 h or 16 h for V. fischeri and P. putida, respectively. The tested range of nominal concentrations was 0-30 mg$L -1 TiO 2 .
Microtox®, bioluminescence inhibition test Bacteria toxicity was assessed by determining the inhibition of the luminescence of V. fischeri (strain NRRL B-11177) exposed for 15 min (Microtox® Test, Microbics, USA). The test was performed according to the basic test procedure in the range of nominal concentrations: 0-81.9 mg$L -1 TiO 2 .
Pseudokirchneriella subcapitata miniaturized growth inhibition test [21] The algae inoculum for the test was taken from an exponentially growing pre-culture of P. subcapitata, which was set up 3 or 4 days before the start of the test. Immediately before the test, the microalgae inoculum was adjusted to an optical density value of 0.07-0.08 (10 6 cells$mL -1 ) at 450 nm using a microplate reader (MRX REVELATION , Dynex Technologies Inc., USA). A gradient of concentrations of TiO 2 -NP and one control, in eight replicates, were prepared to start the test with 10 4 cells$mL
. The algal growth inhibition tests were performed in 96-well polystyrene microplates NUNC™ (Denmark). The final test volume was 300 μL per well. A microplate shaker (IKA® MTS 2/4 Digital, Germany) was used for the plates incubation at 23°CAE2°C, under continuous white light. The OD changes were measured at 450 nm using the microplate reader on the bacterial tests. ). Plants for testing were obtained from cultures maintained in the laboratory. Total frond area was used as growth parameter, quantified by an image analysis system -Scanalyzer (LemnaTec, Germany). The tested range of nominal concentration was 0-90 mg$L -1 TiO 2 .
Goldfish toxicity assessment
Carassius auratus were obtained from commercial suppliers (Mil Aquários, Portugal) and acclimated to laboratory conditions for two weeks. ). An additional tank with clean tap water was used as control. Media was renewed every other day and tested TiO 2 concentrations added again. During the experiment fish were daily fed ad libitum with commercial dry food (Tetra brand). Tanks were monitored daily and mortality registered.
During the experiment fish were collected after 7, 14 and 21 days of exposure to TiO 2 . At the beginning of the experiment, fish (n = 5) were collected from the acclimation tank for analysis. Fish were sacrificed by decapitation and dissected and the intestine was removed. Tissue sub-samples were collected and fixed in a solution of Bouin-Hollande's fixative for histological evaluation. Additional sub-samples were taken for enzymatic analysis.
Histological analysis in goldfish: the histological procedures were carried out essentially according to Martoja and Martoja-Pierson [22] . After being fixed in Bouin-Hollande's for 48 h, samples were washed in tap water and dehydrated through a series of graded ethanol solutions and xilene (Laboratory-Scan, Belgium) for intermediate impregnation. Organs were embedded in paraffin (Panreac, Spain), cut in sections of 5-7 μm thickness and mounted in glass slides. Paraffin was removed from slides using xylene as solvent, followed by rehydration in a graduate series of alcohols, washing with demineralized water and staining with hematoxylin and eosin (H&E) for further histological analysis, using a Leica microscope (Leica-ATC 2000, Germany), with an image system from Leica Microsystems (DMLB model).
Electron microscopy in goldfish: fragments of intestine were fixed sequentially in 3% glutaraldehyde (in cacodylate buffer), osmium tetroxide (in the same buffer) and uranyl acetate (in bi-distilled water). Dehydration was carried out in increasing concentrations of ethanol. After passage through propylene oxide, the samples were embedded in Epon-Araldite. Thin sections were made with diamond knives and stained with 2% aqueous uranyl acetate and Reynold's lead citrate. The stained sections were studied and photographed in a JEOL 100-SX electron microscope.
TiO 2 analysis by energy dispersive X-ray spectroscopy (EDS) in goldfish: To assess the presence of TiO 2 in intestine sections of 5-7 μm thick of tissues fixed in BouinHollande (48 h) were cut from paraffin blocks with a microtome (Leica) and mounted on carbon slides. Then paraffin was removed from sections with xylene, treated with graded series of ethanol and allowed to dry. Although the carbon tape tended to curl during sample treatment it was possible to analyze samples efficiently. The carbon tape with samples was mounted on aluminum paint, coated with a 3 nm palladium-gold film in a Quorum Q150T ES sputtering system. The surface of the samples was observed in a scanning electron microscope (SEM) Carl Zeiss AURIGA (Germany) at 1-2 KeV, with an aperture size of 30 microns. The elemental analysis of the samples was carried out with an EDS detector installed in the SEM, with beam energy of 10 keV and aperture size of 120 microns.
Enzymatic analysis in goldfish: Tissue sub-samples from the intestine were homogenized on-ice in cold buffer (100 mmol$L -1 potassium phosphate (Sigma-Aldrich, Germany), containing 2 mmol$L -1 of EDTA (RiedelHaën, Germany) at pH 7.0. Tissue homogenates were centrifuged at 10000 x g for 15 min at 4°C and stored at -80°C for further analysis. Total glutathione-S-transferase (GST) activity was determined according to the procedure described by Habig et al. [23] CDNB all from Sigma-Aldrich, Germany) were added to 20 μL of GST standard or sample into each well of a 96-well microplate. The total enzyme activity was determined at 340 nm by recording the absorbance at every minute for 6 min, using a microplate reader (BioRad Benchmark, USA). Equine liver GST (Sigma-Aldrich, Germany) was used as standard and positive control. The OD change per minute (ΔOD 340 ) was estimated and the reaction rate at 340 nm was determined using CDNB extinction coefficient of 0.0096 μmol$L Fish tests statistical analysis was performed with Statistica software (Statistica version 8.0; Statsoft Inc., USA, 2007) at a significance level of 5%. Data were checked for normality and variance homogeneity using Levene's test and, if necessary, appropriately transformed prior to analysis. One-way analysis of variance (ANOVA), followed by the post-hoc Tukey's test, was used to compare pairs of means and detect significant differences.
Results
TiO 2 nanoparticles and suspensions characterization
X-ray fluorescence results pointed out for a high level of purity, while X-ray diffraction results showed a 2 phase typical composition of anatase (65%) and rutile (35%). TEM results analysis pointed out an average particle size value of 27.6AE11 nm (n = 42) corresponding to a median particle size value (D 50 ) of 18 nm (see Fig. 1 ).
The parameters and values characterizing the TiO 2 -NP stock suspension were as follows: pH 4.7, Zeta potential 21.4 mV, indicating poor stability of the TiO 2 -NP suspension. For the stock TiO 2 -NP suspension a mean value for the mean particle size was 137AE11 nm as measured by NTA analysis.
Mean particle size values of 274AE25 nm and 78AE6 nm were measured for Daphnia and fish test media, respectively. NTA seems to show high resolving power with respect to TiO 2 -NP samples and provides particle concentration information. The analysis of the results points out to a concentration of 2.45 Â 10 8 particles$mL (Fig. 2 ).
Ecotoxicity tests
Results obtained for the several bioassays are given in Table 1 . All toxicity tests met control and test acceptability criteria specified by the used protocols with respect to the different endpoints.
Some tests did not show effects for the chosen endpoint (bioluminescence inhibition of the bacterium V. fischeri, in Microtox test; growth inhibition for the aquatic plant L. minor, in Lemna test; or survival for the fish C. auratus, in goldfish test). P. putida and V. fischeri growth tests showed similar toxicity, followed by the Daphnia mobility inhibition assay with EC 10 , respectively. Acute and chronic toxicity was found for tested organisms exposed to TiO 2 -NP. The most sensitive species to TiO 2 in the test battery was the algae P. subcapitata with an EC 50 value of 0.89 mg$L -1 (EC 10 
). The bacterium V. fischeri showed no sensitivity toward a metabolic endpoint when acutely exposed to TiO 2 -NP for 15 min but showed toxicity in the chronic test after an exposure of 6 h.
Histology and electron microscopy in goldfish
The microscopic analysis showed changes in intestinal tissues in about 60% of fish exposed to 100 mg$L -1 TiO 2 -NP, but slight or no significant changes were observed in fish exposed to the other TiO 2 -NP concentrations. Some of the observed changes include the erosion of the intestinal epithelium and mucus barrier between NP accumulated inside intestine lumen and epithelium cells.
Representative micrographs of intestines from fish exposed to different concentrations of TiO 2 are shown in Fig. 3 . Histological analysis of the intestines from control fish (Fig. 3(a) ) showed the usual basic organization found in other vertebrates: the mucosal epithelium has numerous villi lined by a simple epithelium of columnar cells, an apical brush border interspersed with goblet cells as described before [24, 25] . The histological observation showed that intestine lumen from control fish contains food residues. With respect to exposed fish (Figs. 3(b)-(d) ) the most evident alteration in comparison to controls is the presence of NP aggregates in intestine lumen. Histological examination indicates that intestine aggregates of NP increase in accordance with tested treatments. Using this method it is not possible to say that nanoparticles were internalized by intestine cells.
Ultrastructural examination of the intestine revealed the presence of a thick layer of fibrillar structure shielding the epithelial cells from the intestinal contents. Nanoparticles were only observed in the intestinal contents and never in contact or within the intestine epithelium (Fig. 3(f) ).
TiO 2 analysis in goldfish
The TiO 2 -NP analysis performed by EDS on tissue sections (Fig. 4) confirmed that the aggregates observed by light microscopy in the intestine lumen are mostly composed by titanium as shown by the respective EDS spectrum. However, it was not possible to found evidence of internalization of nanoparticles by the intestine epithelium by EDS.
Enzymatic analysis in goldfish
Average concentrations of the cytosolic GST total activity measured in intestines from C. auratus are presented in Fig. 5 . The statistical analysis showed that the average levels of GST activity measured at the start of the test (16.7AE4.0 nmol$min -1 $mg -1 total protein) were not significantly different (p > 0.05) from controls measured at 7, 14 and 21 days of exposure. After 7 days significant differences (p < 0.05) were found for fish exposed to 0.1 to 100 mg$L -1 in comparison to controls, after 14 days significant differences (p < 0.05) were found for fish exposed to 0.01 to 100 mg$L -1 TiO 2 -NP in comparison to controls. After 21 days no significant differences were found between treatments and controls. The highest concentrations of GST activity (49.4 nmol$min
total protein) were measured in intestines of fish exposed to 0.1 mg$mL -1 TiO 2 -NP, whereas the lowest concentrations (13.2 nmol$min -1 $mg -1 total protein) were found in controls at the end of the experimental period (21 days). After 7 and 14 days of exposure a significant increase (p < 0.05) according to tested concentrations was observed however, after 21 days of exposure this concentration decreased (Fig. 5 ).
Discussion
The need for information on the effects of nanoparticles on aquatic organisms has been raised but the task is not easy to achieve due to the complexity of their properties and to the behavior of these non-soluble particles in aquatic media. Thus, assessing the particle size of TiO 2 -NP in aqueous suspensions is crucial toward the evaluation of their ecotoxicological effects [26] , but complex due to the aggregation phenomena that usually occur. In this study, the results on the characterization of TiO 2 -NP stock powder demonstrated that there are 2 phases present, anatase and rutile, and that the average particle size was 27.6 nm, which it was slightly different than the primary average particle size referred by the Evonik Degussa GmbH (21 nm). This fact supports the need for the prior characterization of the NP stock before testing the toxicity of NP. In addition, the characterization of the TiO 2 -NP stock suspension using the NTA technique showed values around 137 nm for the average particle size. Further characterization of the TiO 2 -NP suspended in different test media showed a test medium dependence, which can be observed by the values of the average particle size measured in the Daphnia test medium ( < 100 nm) and in the fish test medium ( < 100). These results point out to the occurrence of aggregation of the TiO 2 -NP within the different test media used. Issues related to aggregation and stability of nanomaterials have been focused in previous studies [5, 27] . In NTA individual particle positional changes are tracked in two dimensions from which the particle diffusion is determined and the particle hydrodynamic diameter can then be determined. This technique seems to be more appropriate than dynamic light scattering (DLS), which does not visualize the particles individually but analyses the time dependent scattering intensity fluctuations and presents more error in the measures obtained (data not shown).
Ecotoxicity data for TiO 2 -NP effect on different species range from no-effects to severe effects, depending on the NP structure, bioavailability and type of test organism [28] . Studies of TiO 2 -NP effect on aquatic organisms have mostly been done on water fleas (Daphnia magna, Daphnia pulex, Ceriodaphnia dubia, etc.), and the 48 h mortality (EC 50 ) was noted to be more than 100 mg$L -1 [8, 10, 11] . Lovern et al. [19] reported that a sonicated TiO 2 -NP suspension led to 9% mortality of D. magna at 500 mg$L -1
. In contrast, Zhu et al. [11] showed a comparatively lower EC 50 -72 h of 1.62 mg$L -1 using TiO 2 -NP, advocating the effect of increased exposure time on NP toxicity. In a study on TiO 2 -NP, composed by anatase crystal phase with a nominal particle size of 10 nm, the fathead minnow was much less acutely sensitive to TiO 2 -NP (LC 50 ≥500 mg$L ). A LOEC value of 250 ppm of TiO 2 -NP (2-3 nm in particle size) was also determined for the growth inhibition of the aquatic plant L. minor and chlorosis was observed at concentrations higher than 250 ppm.
Differences in toxicity thresholds may be due to differences in particle size, preparation methods or test design. In fact, the ecotoxicity results vary considerably, probably due to differences in the experimental models and/or nanoproducts/NP tested. Therefore, nanoecotoxicological studies should focus on both the characterization of the NP to be tested and the best exposure conditions (considering their inherent properties) in the attempt to standardize bioassays and facilitate the comparison of results [20] .
Accordingly, in this study, a chemical characterization of TiO 2 -NP was carried out along the test battery with organisms of several trophic levels for sustainable results. So, considering TiO 2 -NP composed by 2 phases (65% anatase -35% rutile), the EC 50 s estimated for the different tested aquatic organisms indicated chronic toxicity for the bacteria and the alga, and acute toxicity for the crustacean Daphnia magna. For the marine bacterium V. fischeri, no acute toxicity by TiO 2 -NP was observed, as already described by Heinlaan et al. [12] testing TiO 2 -NP at 20 g$L -1 , but chronic toxicity was measured (EC 50 = 9.2 mg$L -1 ). Similar chronic toxicity of TiO 2 -NP was observed for the ubiquitous bacterium P. putida (EC 50 = 9.9 mg$L -1 ). The green alga P. subcapitata was the most sensitive test organism, as already showed in other studies above cited, with an EC 50 ), based on the lowest EC 50 evaluated for algae [7] . Acute toxicity results of TiO 2 -NP for the crustacean Daphnia magna showed an EC 50 -48 h of 29.5 mg$L -1
(EC 10 -48 h of 10.7 mg$L -1 and a LOEC of 5.6) and chronic toxicity results for the plant L. minor showed no effect on growth for tested concentrations up to 90 mg$L -1 TiO 2 -NP. The work was far more extensive for the fish C. auratus that showed no effect on survival but effects at the enzymatic level. The cytosolic GST total activity measured in intestines showed a general significant increase (p < 0.05) after 14 days of exposure for all tested concentrations. Also the presence of TiO 2 -NP aggregates were observed in the intestine lumen and confirmed by EDS analysis. However, their internalization by intestine cells was not confirmed. Glutathione-S-transferase is an intracellular enzyme of the phase II of xenobiotic metabolism involved in detoxification by catalyzing the conjugation of a wide variety of electrophilic exogenous substances, and plays a role in preventing from oxidative damage by conjugating the breakdown products of lipid peroxides to reduced GSH. Thus GST plays an important role by protecting cells and tissues from oxidative stress induced damages [30] . Although a general decrease was found for GST total activity levels in fish intestines at the end of exposure the results also show that GST activity increase until day 14 of exposure. According to some authors, the GSH and enzymes such as GST, catalase and superoxide dismutase may increase caused by a compensatory mechanism to slight oxidative stress through an increase in its synthesis but severe oxidative stress may suppress their activities due to a loss in adaptive response mechanisms to induced stress [31] . Considering GST activity results and that no mortality was observed in the present study this may indicate that for wild fish, potentially exposed to low concentrations, no adverse effects are expected. TiO 2 -NP is a generator of potential reactive oxygen species (ROS) though the precise mechanisms of toxicity of TiO 2 -NP are yet unknown. A 96 h-TiO 2 exposure test with zebrafish reported increased GSH concentrations in the gut tissue. The toxicity was attributed to TiO 2 -NP and also to OH radicals which were able to cause damage without entering the cells. The same authors found that NP cause toxicity despite the NP aggregation in suspensions [32] .
Several studies show that hydroxyl radicals (﹒OH) are related toTiO 2 -NP toxicity and oxidative DNA damage in fish cells. Exposed goldfish skin cell lines to different concentrations of TiO 2 -NP with and without UVA irradiation demonstrated that TiO 2 -NP caused toxicity to cells in both tested modes [17] . However, UVA irradiation of TiO 2 -treated cells caused further increases in DNA damage. They performed electron spin resonance analysis and the results suggested that irradiation of an aqueous suspension of TiO 2 with UVA produces hydroxyl radicals but also showed that hydroxyl radicals were produced in the absence of UVA. Moreover it was demonstrated that TiO 2 -NP was toxic to cells (fish and mammalian) and it was confirmed by ESR that the primary damaging species produced on irradiation of TiO 2 -NP is the hydroxyl (OH) but also observed additional formation of carboxyl radical anions (CO -2 ) and superoxide radical anions (O -2 ) [18] . The presence of TiO 2 -NP aggregates within fish intestine lumen shown in this study was also reported by other authors in zebrafish [32, 33] being also associated to oxidative stress. In our study the microscopic examination showed some histological changes in the intestine cells of some fish specially those exposed to higher concentrations (10 and 100 mg$L -1 TiO 2 -NP). In exposed rainbow trout to TiO 2 (0.1 to 1.0 mg$L -1 ) for 14 days areas of erosion on the intestinal epithelium were observed but no TiO 2 was found accumulated in intestinal lumen [34] .
In fact, the ecotoxicity of nanomaterials and NP requires a multi-disciplinary approach, and ecotoxicologists need to understand the main issues in particle chemistry in order to interpret ecotoxicological data correctly. These include the effects of particle size, shape and surface area, and its behavior in the environmental matrix [35] .
Conclusions
The increasing industrial and consumer applications of TiO 2 -NP raise concern over the possible risk associated with their environmental exposure. Usually, aquatic ecosystems act as terminal sinks for NP, so the knowledge regarding their behavior in aquatic ecosystems has become a priority. Due to the high variability of ENP with respect to their size, morphology and composition, it is important to strive for their physical-chemical characterization before any ecotoxicological evaluation. Moreover, the high variability of the ENP-containing colloidal samples resulting from their preparation methods also highlights the importance for developing standards in order to improve the comparability among these tests. In fact, the standardization of nanoecotoxicological methodologies is useful for the construction of protocols toward sustainable public policies namely in the scope of the Regulation (EC) 
